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Background. Previous data suggest that (i) dopamine modulates the ability to implement nonroutine schemata and update
operations (flexibility processes) and that (ii) dopamine-related improvement may be related to baseline dopamine levels in target
pathways (inverted U-shaped hypothesis).Objective. To investigate above hypotheses in individuals with Parkinson’s disease (PD).
Methods. Twenty PD patients were administered tasks varying as to flexibility load in two treatment conditions: (i) “off” condition,
about 18 hours after dopamine dose and (ii) “on” condition, after dopamine administration. PD patients were separated into two
groups: low performers (i.e., performance on Digit Span Backward below the sample mean) and high performers (i.e., performance
above the mean). Twenty healthy individuals performed the tasks in two sessions without taking drugs. Results. Passing from
the “off” to the “on” state, only low performer PD patients significantly improved their performance on high-flexibility measures
(interference condition of the Stroop test; 𝑃 < 0.05); no significant effect was found on low-flexibility tasks. Conclusions. These
findings document that high-flexibility processes are sensitive to dopamine neuromodulation in the early phases of PD. This is in
line with the hypothesis that striatal dopamine pathways, affected early by PD, are precociously implicated in the expression of
cognitive disorders in these individuals.

1. Introduction

Dopamine is a brain catecholamine originating from subcor-
tical neurons. It supplements the activity of several neural
circuitries belonging to both subcortical and neocortical
structures. At this level, dopamine acts as a neuromodulator
of synapses involved in the mediation of various aspects of
human functioning and behaviour [1]. The role of dopamine
in complex mental operations is being increasingly rec-
ognized thanks to the results of studies in both healthy
individuals and clinical populations [2–5].

A focus has been posed on the study of dopamine neuro-
modulation ofmental operations underpinned by the activity
of prefrontal neurons. Indeed, the prefrontal cortex has abun-
dant dopamine receptors and receives important dopamine
fibre projections from the striatum and ventral-tegmental

regions [6]. In fact, working memory, set-shifting, planning,
and selective attention abilities, all of which are considered
to critically depend on the integrity of the prefrontal-striatal
loops [7], have been shown to be particularly sensitive to
dopamine activity [8]. Nevertheless, the results of available
studies have failed to show a linear effect of dopamine
stimulation on human cognition; indeed, they alternatively
document a positive (cognitive improvement) or a negative
(cognitive worsening) effect. Cools et al. [2] documented that
the administration of bromocriptine (a D2 family agonist)
had a significant effect on the cognitive performance of
healthy subjects as a function of their working memory
capacity (considered the indirect expression of the function-
ing of dedicated brain areas). More specifically, the authors
found significant improvement on a task tapping updating
abilities that was restricted to the experimental subgroup,
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which obtained the lowest working memory score in a
baseline evaluation [2]. This finding is congruent with other
evidence from genetic studies in both human [9, 10] and
nonhuman samples [11, 12] and suggests that the effect of
dopamine stimulation on cognitive prefrontal functions is
inversely correlatedwith the baseline dopamine level in target
neural networks (U-shape inverted hypothesis) [1, 13]. In
other words, a subject presenting with reduced ability to
perform a dopamine-dependent task, and, thus, believed to
have low functioning dopamine transmission in dedicated
brain pathways, would benefit from dopamine replacement
more than a subjectwhoperformednormally on the same test
who, differently, would be detrimentally affected by taking
dopamine.

This hypothesis is also supported by data fromParkinson’s
disease (PD) patients. In fact, PD is characterized early by
a deficit of dopamine brain pathways due to the primary
loss of dopamine neurons in the substantia nigra and ventral
tegmental area; the nigrostriatal dopamine circuitry would be
precociously affected by the disease, which subsequently also
injures the mesocortical and mesolimbic pathways [14, 15].
In a previous study, pergolide (D1 + D2 family agonist) and
pramipexole (D2 + D3 family agonist) administration was
shown to significantly improve updating abilities (i.e., n-back
working memory performance) in a subgroup of PD subjects
who exhibited the lowest working memory baseline scores
[16]. By contrast, when the PD patients with the highest
baseline working memory scores took the pharmacological
compounds, their performance scores were unaffected.

Nevertheless, some other findings indicate that the
variability of the effect of dopamine supplementation on
cognition cannot be fully explained by the assumptions of
the inverted U-shaped hypothesis. In fact, in PD patients
dopamine-related cognitive improvement on working mem-
ory and prospective memory tasks was detected without
differentiating between low and high performers [17, 18].
Moreover, Kimberg and D’Esposito [19] found that admin-
istration of pergolide to healthy individuals improved per-
formance of the subgroup with the highest baseline working
memory scores but not that of the subgroup with the lowest
baseline performance. To interpret these contrasting data,
some authors argued that the effect of dopamine can be differ-
entially modulated by tasks that require the implementation
of cognitive processes, allowing for the flexible manipulation
and updating of the information/mental representations
(namely, cognitive flexibility processes) versus tests sensitive
to the ability to maintain the mental representations stable
over time (i.e., cognitive stability processes) [1, 8]. The equi-
librium between these two sets of mental operations, that is,
integrated utilization of cognitive flexibility and cognitive sta-
bility processes, is necessary for the optimal adaptation of the
individual to his environment, and it should be sustained by
the synergic and complementary activity of phasic and tonic
Dn receptors belonging to the D2 and D1 family, respectively.
In particular, phasic D2 activity should allow the flexible
modification of mental representations by signalling the
need for nonroutine schemata to be implemented, whereas
tonic D1 activity should mediate the capacity to retain stable
representations in the face of incoming information [20].The

distribution pattern of Dn receptors in the brain makes the
striatum a suitable candidate to represent the neural substrate
for flexible behaviour; conversely, dopamine activity in the
prefrontal cortex seems to have a critical role in supporting
continuous maintenance of stable mental operations [21, 22].
Indeed, D2 receptors are more numerous in the striatal
regions than in the prefrontal cortex where, instead, D1
receptors are represented to a greater extent [23, 24].

The hypothesis that the effect of dopamine on cognitive
functioning depends on the regional distribution of Dn
receptors mediating flexibility/stability processes is based on
some animal and humans findings. Studies from nonhuman
primates reveal that the inhibition of dopamine neurotrans-
mission produces opposite effects on cognition depending
on whether it is applied at the level of the prefrontal cortex
or the striatum. In particular, prefrontal cortex dopamine
lesions have been shown to improve attentional set-shifting,
whereas these same abilities have been found impaired after
lesions over the striatum [25]. Healthy human volunteers
were negatively affected by a switching task after taking
sulpiride (a D2 antagonist), whereas their performance on
a task requiring the maintenance of stable mental represen-
tations actually improved after taking the drug [5]. Cools
et al. [2] documented a differential effect of bromocriptine
administration on the activity of the prefrontal and striatal
neurons in healthy individuals. In fact, after the subjects took
bromocriptine, enhanced striatal activity was found during
flexible updating, whereas the same potentiation activity was
observed in the prefrontal cortexwhen the need to strengthen
the maintenance of mental representations was stressed by
the task.

Results of studies investigating the relationship between
dopamine and cognitive functioning in persons suffering
from PD provide some relevant clues for understanding the
effect of dopamine on the modulation of cognitive flexibil-
ity/stability processes. As stated above, the core pathology
underlying PD is the degeneration of dopamine cells in
the midbrain that leads to precocious and severe dopamine
depletion in the striatum, where D2 receptors are particularly
abundant [23, 24]. More specifically, dopamine depletion in
PD primarily involves the rostrodorsal extent of the head of
the caudate nucleus and only later affects the ventral tegmen-
tal neurons projecting to more ventral parts of this structure
and to prefrontal and limbic regions [14, 15]. According
to the view that striatal activity is particularly related to
cognitive flexibility processes [7, 26], in the early stages
of PD dopamine stimulation should primarily modulate
performance on tasks requiring flexible behaviour. Indeed,
several studies have reported that PD patients perform
worse than healthy controls on tasks investigating updating,
highly demanding workingmemory abilities and prospective
memory [8, 27, 28]. Studies directly assessing the effect of
dopamine withdrawal/administration on cognition in PD are
also in line with the idea that dopamine compounds improve
patients’ ability to implement flexibility operations without
affecting their capacity to maintain stable memories [18, 29,
30].

Summarizing the above discussion, two main hypotheses
are currently advanced to explain the effect of dopamine on
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Table 1: Sociodemographic and clinical characteristics of participants in the PD and control groups.

Individuals with PD Normal controls 𝐹 (1, 38) 𝑃 level
Gender (F/M) 11/9 9/11

Mean (SD)
Age (years) 68.8 (7.6) 65.5 (8.0) 1.8 >0.10
Years of formal education 10.3 (4.7) 12.1 (3.5) 1.9 >0.10
MMSEa score 27.6 (1.8; range: 25–30) 29.4 (1.4; range: 25–30) 11.6 <0.01
UPDRSb score (off state) 16.6 (7.5)
Years of disease duration 2.43 (1.9; range 0.08–5)
Age at disease onset 66.4 (7.4)
aMMSE: Mini Mental State Examination; bUPDRS: Unified Parkinson’s Disease Rating Scale.

frontal-like functions in humans: (i) dopamine modulates
performance in a dissociable way as a function of the
flexibility load of the task; (ii) dopamine action is inversely
correlated with the baseline dopamine level in target net-
works. The aim of the present study was to verify these
hypotheses in individuals without dementia in the early
stages of PD. With this in mind, we contrasted the effect of
dopamine administration/withdrawal on the performance of
two groups of PD patients, with discrepant basal cognitive
performance (i.e., low versus high performers) on tasks
sensitive to the integrity of dopamine dependent pathways
and on tasks with relatively low and high flexibility loads.
According to the above hypotheses, we predict that (i)
dopamine compound administration improves performance
on high flexibility load tasks and that (ii) this improvement
should be particularly observed in PD individuals with lower
baseline performance scores.

2. Materials and Methods

2.1. Subjects. Twenty individuals with idiopathic PD (11
female and 9male) and 20 normal controls (NC; 9 female and
11 male) participated in this study after giving their informed
consent. Human data included in this paper was obtained
in compliance with the Helsinki Declaration. The clinical
characteristics of the PD group and the sociodemographic
characteristics of both groups are reported in Table 1. The
diagnosis of idiopathic PDwas made according to the United
Kingdom Parkinson’s Disease Society Brain Bank Criteria
[31]. Exclusion Criteria: (i) disease duration >5 years; (ii)
dementia based onDiagnostic and StatisticalManual ofMen-
tal Disorders Criteria for dementia (American Psychiatric
Association, 1994) and a Mini Mental State Examination
Score <25 [32, 33]. PD patients were also administered the
Unified Parkinson’s Disease Rating Scale-Part III (UPDRS)
[34].

All but two patients were administered dopamine therapy
with levodopa, and nine of them also received cotherapy with
a dopamine-agonist or IMAO-B; two patients received only
dopamine agonists. The mean dosage of levodopa equivalent
[35] was 336mg (SD = 150). PD patients were administered
a battery of neuropsychological tests to assess a wide range
of cognitive functions (see below for a description of the

neuropsychological battery). The neuropsychological assess-
ment was carried out with patients under regular dopamine
therapy in one session performed two weeks to one month
before the experimental sessions began.

NC individuals were recruited fromPDpatients’ relatives.
Exclusion criteria for the subjects in the NC group were head
trauma, history of psychiatric disease, central nervous system
diseases, severe systemic disease, and taking drugs that can
affect cognitive performance.

2.2. Neuropsychological Test Battery. We assessed the fol-
lowing cognitive domains: episodic memory (Immediate
and delayed recall of a 15-word list [36]; immediate and
delayed prose recall; Carlesimo et al., 2002; Rey’s figure
form A reproduction [37]), short-termmemory (Corsi Block
Tapping test. [38]; Digit Span Forward; [38]), executive
functions (Modified Card Sorting test [39]), language (Nam-
ing subtest of the Aachener Aphasia test [40]), abstract
reasoning (Raven’s Coloured Progressive Matrices [36]), and
constructive praxis (Copy ofDrawings andCopy ofDrawings
with Landmarks [36]). Published normative data for score
adjustment according to age, education, and gender as well
as normality cutoff scores (corresponding to a performance
≥95% of the lower tolerance limit of the normal population
distribution) were available.

2.3. General Design. PD patients were evaluated after one
month of full dosage, stable dopamine treatment. They were
assessed in two experimental conditions performed on dif-
ferent days, with an intersession interval of about onemonth.
In one condition, PD subjects performed the experimental
tasks in the morning after 18/24 h of drug withdrawal (“Off”
condition; CAPIT [41]). In the other condition, they were
examined 90–120 minutes after the first morning adminis-
tration of levodopa and/or dopamine agonists, considered as
their best “on” condition. NCs performed the experimental
tasks in two different sessions, with an intersession interval
of about one month, called “blue” and “green.” The tests were
given in themorningwithout taking drugs.The “blue” session
was associated with the off session and the “green” one with
the on session. The order of the experimental conditions
(off/blue versus on/green) was randomized across subjects.
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2.4. Experimental Cognitive Battery

2.4.1. Digit Span Backward. In this task [38], subjects are
instructed to repeat strings of digits (varying in length from
3 to 9 digits) read by the examiner in the reversed order.
The score is the longest sequence correctly reproduced (score
range: 0–9). Based on performance on this task, patients and
NCs were classified as low and high performers.

2.4.2. Stroop Test. The Stroop test [42] is commonly used
to assess executive deficits in neurological populations [43].
It includes three subtests, each consisting of a sheet paper
displaying 100 stimuli regularly aligned in ten columns and
ten rows. The subject has to scrutinize the sheet paper, as
quickly as possible, beginning at the left upper board and
proceeding vertically down to the tenth column on the right.
In the first subtest (word reading subtest), the subject has
to read five colour-name words (red, blue, green, brown,
and violet). In the second subtest (naming colours subtest),
the subject is presented with coloured squares (i.e., above
colours) and is asked to name their colours. In the third
subtest, written words representing the above colours are
shown in conflicting colours (e.g., the word red written with
blue ink) and the subject has to name the ink colour of the
printedword but not read theword (resistance to interference
subtest). To evaluate performance, response times (i.e., the
time needed to complete the subtest) and accuracy (i.e., sum
of subject’s correct answers) are recorded for each subtest.

2.4.3. Verbal Fluency Tasks. For this test, two parallel forms
were constructed and their order of administration was
randomized across the two experimental therapy conditions
and across subjects. Each form consists of three subtests: (i)
phonemic [36], (ii) semantic [44], and (iii) alternate phone-
mic/semantic fluency [45, 46]. On the phonemic subtest,
the subject is requested to generate words beginning with
the letters “A,” “F,” and “S” (or, with the letters “C,” “E,”
and “L,” on the parallel form) in three different trials, each
lasting 60 seconds. In the semantic subtest, the subject is
asked to say words belonging to the “colours,” “animals”
and “fruits” categories (or, “threes,” “furniture,” and “cities,”
in the parallel form) in three different trials, which also
lasted 60 seconds each. The alternate phonemic/semantic
task is an extradimensional shifting task [45, 46] in which
subjects have to continuously alternate words beginning with
a specific letter with words belonging to a particular category
as follows: trial (1) letter “A” and “colours”; trial (2) letter
“F” and “Animals”; trial (3) letter “S” and “Fruits” (letter
“C” and “Threes”; letter “E” and “furniture”; letter “L” and
“Cities,” in the three trials of the parallel form, resp.). Three
trials were given, each lasting 60 sec. At the beginning of
each fluency task, a training trial was given to be sure the
subject understood the rules of the task.Thenumber of words
correctly generated within 60 sec. was recorded.

2.5. Complementary Measures. Previous findings in PD
patients have shown an association between on/off states,
fluctuations of mood and anxiety symptoms [47], and a

potential negative influence of affective disorders on cog-
nitive performance [48, 49]. Therefore, the State and Trait
Anxiety Inventory-State Anxiety (STAY-S) [50] and the Beck
Depression Inventory (BDI) [51, 52] were administered to
both PD and healthy participants in the two experimental
sessions.

3. Results

3.1. PD Patients’ Performance on the Tests of the Neuropsy-
chological Battery. PD patients’ average scores and number
(and percentage) of patients performing below the normality
cut-off score on the tests of the neuropsychological battery
are reported in Table 2. Nine patients showed dysexecutive
deficits (pathological scores on the Modified Card Sorting
test), two had constructive praxis impairment (pathological
scores on the Copy of Drawings test), and one patient had
long-termmemory disorders (pathological scores onDelayed
Recall of the 15-Word List).

3.2. Effect of Dopamine Treatment on PD Patients’ Perfor-
mance on Experimental Cognitive Tasks. To evaluate the
hypothesis that the effect of dopaminergic compounds on
cognitive performance in the PDgroup varied as a function of
basal performance level on a task of prefrontal cortex activity
(i.e., low performers have the greatest improvement after
dopamine treatment), according to Kimberg and D’Esposito
[19] suggestions PD patients were split based on their average
accuracy on the Digit Span Backwards. To classify patients
as “high” or “low” performers, we chose to use the average
score obtained in both the “off” and “on” therapy conditions.
This was done in order to rule out potential confounds due
to score regression toward the mean effect [3]. Therefore, PD
patients who obtained an accuracy score (averaged across the
two experimental sessions) below the mean of the whole PD
group (mean value = 4.1) were classified as low performers
(𝑛 = 13), and PD patients whose average score fell above the
average of the PD group were classified as high performers
(𝑛 = 7). The on therapy condition was the first assessment
session for eight low performers and three high performers.

Preliminary one-way ANOVAs showed that high and low
performer PD patients did not significantly differ in years of
formal education (mean = 12.4; SD = 3.8 and mean = 9.1;
SD = 4.8, resp.; 𝐹(1, 18) = 2.40; 𝑃 > .10), age (mean = 70.1;
SD = 5.3 and mean = 68.1; SD = 8.7, resp.; 𝐹(1, 18) = 0.32;
𝑃 > .50), disease duration (mean = 3.2; SD = 1.9 and
mean = 2.2; SD = 1.9, resp.; 𝐹(1, 18) = 1.15; 𝑃 > .20),
and MMSE score (mean = 27.6; SD = 2.3 and mean =
27.6; SD = 1.7, resp.; 𝐹(1, 18) = .00; 𝑃 > .90). A two-
way ANOVA also revealed that dopamine administration
improved significantly UPDRS scores (𝐹(1, 18) = 19.2; 𝑃 <
.001). The lack of the group effect (𝐹(1, 18) = 2.29; 𝑃 >
.10) and the group∗Treatment interaction (𝐹(1, 18) = 1.88;
𝑃 > .10) confirmed that this effect was comparable in the two
PD subgroups (high performer group: off condition: mean =
20.7; SD = 6.3; on condition: mean = 11.3; SD = 3.6. Low
performer group: off condition: mean = 15.2; SD = 7.6; on
condition: mean = 10.2; SD = 3.9).
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Table 2: PD patients’ performance (average scores and percentage of pathological values) on the test of the neuropsychological battery. For
all tests, with the exception of Modified Card Sorting test-perseverative and nonperseverative errors, higher scores mean better performance.

Neuropsychological tests
PD group
𝑁 = 20

PD patients with
pathological score

Mean (SD) 𝑁 (percentage)
Mnesic functions
Short-term memory —

Corsi Test Forward 4.8 (0.6) —
Digit Span Forward 5.6 (1.5) —

Episodic memory 1 (5%)
Word list recall-immediate recall 42.4 (9.4) —
Word list recall-delayed recall 9.4 (2.6) 1
Word list recognition-correct items 13 (1.8) —
Word list recognition-false recognition 1.9 (1.6) —
Prose recall-immediate recall 5.6 (1.2) —
Prose recall-delayed recall 5.7 (1.3) —
Rey’s figure-immediate reproduction 14.1 (6.1)
Rey’s figure-delayed reproduction 12.7 (6.9)

Visual-spatial abilities 2 (10%)
Free hand copying of drawings 9.1 (1.9) 2
Copying drawings with landmarks 67.3 (2.4) —
Rey’s figure copy 30.3 (4.9) —

Language abilities 1 (5%)
Object naming 28.5 (1.8) —

Abstract reasoning
Raven’s progressive matrices 47 27.8 (4.1) —

Executive functions 9 (45%)
Modified Card Sorting Test-categories achieved 4.5 (1.3) 9
Modified Card Sorting test-perseverative errors 7.4 (5.9) 5
Modified Card Sorting Test-nonperseverative errors 5.9 (5.5) 4

The same criterion as that followed for splitting PD
patients was used to classify NCs as high and low performers.
So, NCs with score higher than the mean of their group
on the digit span backward (i.e., average score between
scores obtained in both experimental sessions) were classified
as high performers (𝑛 = 5). Subjects with Digit Span
score below the group mean have been classified as low
performers (𝑛 = 15). Mixed ANOVAs with Clinical Group
(PD patients versus NCs) and Working Memory Group (low
versus high performers) as between factors, Treatment (off
versus on therapy condition for PD patients; blue versus
green sessions for NCs), and Trial (Subtest 1 versus Subtest
2 versus Subtest 3) as within factors were then performed. In
the case of analyses regarding the scores on the Stroop test,
the Trial factor was defined by word reading versus naming
colours versus resistance to interference subtests scores. As
for statistical analyses involving fluency tasks, the Trial factor
was defined by phonemic versus semantic versus alternate
phonemic/semantic fluency subtests scores.

3.2.1. Stroop Test. Subjects’ scores on this test are reported in
Table 3 and illustrated in Figure 1.

Accuracy. The only effect to reach the statistical significance
was that of the main factor Trial (word reading versus
naming colours versus resistance to interference subtests
scores; (𝐹(2, 72) = 4.30; 𝑃 = .017). Tukey HSD tests showed
that subjects in both experimental groups were significantly
less accurate in the resistance to interference subtest (mean =
97.1; SD = 4.8) compared to both the word reading (mean =
99.8; SD = .42; 𝑃 = .01) and the naming colours (mean =
99.4; SD = 0.98; 𝑃 = .03) subtests. However, no significant
differences between the two latter subtests were found (𝑃 >
.80). No other significant effectswere found (all𝑃 consistently
>.10).

Response Times. Also in this case, the main effect of Trial
reached statistical significance (𝐹(2, 72) = 109.7; 𝑃 <
.001), whereas the effect of Clinical Group (PD versus NCs)
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Figure 1: Average performance on Stroop subtests of individuals in the four experimental groups. Accuracy (a) and response times (b) are
reported.

approached significance (𝐹(3, 36) = 3.06; 𝑃 = .097).
The first level Working Memory Group∗Trial interaction
approached the statistical significance (𝐹(2, 72) = 2.77; 𝑃 =
.069), whereas the third level Clinical Group∗WorkingMem-
ory Group∗Treatment∗Trial interaction was fully significant
(𝐹(2, 72) = 5.09; 𝑃 = .008). Tukey HSD tests showed
that low performer PD patients significantly reduced their
response times passing from the off to the on condition
only on the resistance to interference subtest (𝑃 = .002);
no significant between-sessions difference was found for the
high performer PD patients and both NC subgroups (in all
cases 𝑃 > .10). Moreover, while in the off therapy condition,
average response latency of low performer PD patients on
the resistance to interference subtest was longer than that of
the other three experimental groups (𝑃 < .001 in all cases),
in the on therapy condition their performance was found to
be worse only than that exhibited by high performer NCs
(𝑃 = .032). In fact, their performance in on therapy condition
was fully comparable to that exhibited by high performer PD
patients and by low performer NCs (𝑃 > .10 in both cases).
No other effect involving the Clinical Group and theWorking
Memory Group resulted to be significant (all 𝑃 consistently
>.10).

3.2.2. Fluency Tasks. Subjects’ scores on this test are reported
in Table 3 and illustrated in Figure 2.

The effects of the main factors of Clinical Group
(𝐹(1, 36) = 6.93; 𝑃 = .012), Working Memory Group
(𝐹(1, 36) = 4.35; 𝑃 = .044), and Trial (𝐹(2, 72) = 20.65;
𝑃 < .001) were significant, whereas the effect of Treatment
was not (𝐹(1, 36) = 0.01; 𝑃 > .80). No interaction reached
statistical significance (all 𝑃 consistently >.10). Tukey HSD
analyses revealed that PD patients generated fewer words
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Figure 2: Average performance on fluency subtests of individuals in
the four experimental groups on fluency subtests.

(mean = 27.8; SD = 8.9) than NCs (mean = 33.1; SD = 7.4;
𝑃 = .006) and that in both PD andNC groups low performers
(mean = 28.3; SD = 9.5) tended to be worse than high
performers (mean = 32.6; SD = 6.7; 𝑃 = .083). Post
hoc comparisons made to qualify the effect of Trials showed
that, in all subjects, average accuracy score on the alternate
phonemic/semantic task (mean = 25.9; SD = 10.3) was lower
than that on both the phonemic (mean = 30.2; SD = 9.9;
𝑃 = .005) and semantic (mean = 35.3; SD = 8.6; 𝑃 < .001)
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tasks. Average accuracy on the phonemic task, in turn, was
lower than that observed on the semantic task (𝑃 < .001).

Relationship between Working Memory Scores and Cognitive
Performance Changes between the Two Experimental Condi-
tions. Splitting the PD sample in two small subgroups could
affect the power of statistical analyses, thus limiting possible
inferences from data. To further verify the existence of a sig-
nificant relationship between working memory performance
(Digit Span Backward scores) and the effect of dopamine
withdrawal/administration, we applied a linear regression
model (stepwise) to data from the whole PD sample. In
particular, separate regression models were performed for
each of the different cognitive tests administered in the off
and on conditions. In eachmodel the dependent variable was
the rate of performance difference between the two experi-
mental conditions on that specific measure according to the
following formula: [(on performance-off performance)/off
performance]; in all cases the explicative factors were the
digit span backward score and the order of administration of
the experimental conditions. The model was significant only
when applied to the performance changes on the interference
condition of the Stroop test (response times). In this case,
the variable entering the regression equation was the score
subjects achieved on the Digit Span Backward (𝐹(1, 18) =
5.06; 𝛽 = 0.47; 𝑃 = .037), while the order of experimental
conditions administration did not (𝛽 = 0.01; 𝑃 > .90). This
indicates that, in PD patients, lower scores on the Digit Span
Backward significantly predict response times decrease on
the Stroop test (i.e., interference condition) passing from the
off to the on condition. Results of regression analyses involv-
ing performance changes on the other cognitive measures
administered document that no independent variable enters
in the equation.

3.2.3. Effect of Dopamine Treatment on Complementary Mea-
sures Scores. To investigate the effect of dopamine admin-
istration/withdrawal on the Beck Depression Inventory and
STAY-S scores of PD patients, two ANOVAs with Clinical
Group (PD patients versus NCs) and Working Memory
Group (low versus high performers) as between factors,
Treatment (off versus on therapy condition for PD patients;
blue versus green sessions for NCs) as within factor, were
performed.

Beck Depression Inventory Score. The absence of the
main effects of Clinical Group (𝐹(1, 36) = 2.96; 𝑃 > .09),
Working Memory Group (𝐹(1, 36) = 2.82; 𝑃 > .10),
Treatment (𝐹(1, 36) = 0.22; 𝑃 > .10), and the interaction
between the main factors (all 𝑃 consistently >.09) show that
depressive symptoms are comparably severe in low performer
PD patients (mean = 10.6; SD = 5.9), high performer
(mean = 8.3; SD = 7.2) PD patients, low performer NCs
(mean = 8.9; SD = 8.1), and in high performer NCs (mean =
3.2; SD = 2.6), and that they do not vary as a function of
the dopamine therapy condition in the PD group (off state:
mean = 9.9; SD = 6.7; on state: mean = 9.0; SD = 6.4).

STAY-S Score. In this case, the Clinical Group∗Working
Memory Group Interaction was significant (𝐹(1, 36) = 4.34;

𝑃 = .0044). However, Tukey HSD tests performed to
qualify this interaction failed to evidence significant between
groups difference (all 𝑃 consistently >.10).This indicates that,
although high performer NCs tended to show the lowest
STAY-S scores (mean = 33.7; SD = 8.0), these appear
not to be significantly different from those obtained by low
performer PD patients (mean = 40.4; SD = 6.0), high
performer PD patients (mean = 46.7; SD = 14.3), and by
low performer NCs (mean = 41.3; SD = 12.5). Moreover,
the absence of significant interactions involving the factor
Treatment (all 𝑃 consistently >.10) evidences that there was
no difference between off (mean = 44.9; SD = 10.6) and on
(mean = 42.2; SD = 9.8) states in the PD group.

4. Discussion

The aim of the present study was to investigate two major
hypotheses concerning the effect of dopamine therapy on
cognitive functions in individuals with Parkinson’s disease.
The first hypothesis predicted that the ameliorative effect
of dopamine would be greater on high than low cognitive
flexibility tasks [1] and, the second hypothesis predicted that
this effect should be greater in PD patients with lower basal
cognitive performance on tasks sensitive to the integrity
of dopamine dependent pathways, which are assumed to
represent an indirect measure of dopamine levels in target
circuitries [1]. In order to verify the two hypotheses, we con-
trasted the effect of dopamine administration/withdrawal on
the performance of two groups of PDpatients with discrepant
levels of backward digit span on tasks with relatively low and
high flexibility loads.

The findings of the study give support to both hypotheses.
In fact, results show that, after they took dopamine, PD
patients classified as low performers reduced their response
times selectively on one of the high flexibility measures
used, that is, the resistance to interference condition of the
Stroop test; in fact, in the “on” condition their performance
was comparable to that of both healthy controls (i.e., low
performers) and high performers PD patients. The reduced
response latency cannot simply be attributed to increased
impulsivity after taking the dopamine compound, because
low performer PD patients did not obtain a worse accuracy
score on this task passing from the on to the off condition.
Instead, in the high performer PD group no significant
effect of pharmacological manipulation was found on high
flexibility tasks. Above effects are confirmed by results of
regression analyses performed on the PD sample taken as
a whole. Indeed, these results document that lower scores
on the variable here used to classify PD patients as low-
and high performers (Digit Span Backward) significantly
predict a greater improvement after dopamine therapy intake
selectively on the Stroop test (i.e., resistance to interference
condition).

Compared with the four tasks we can consider as low
flexibility measures (i.e., the Stroop test: word reading and
colour naming; fluency tasks: phonological and semantic
fluency subtests), the interference condition of the Stroop
test makes high demands on executive processes that require
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inhibiting the adoption of overriding automatic response to
implement nonroutine schemata [46, 53, 54]. Conversely,
the four low-flexibility measures tap sustained attention and
require continuous checking and monitoring of mental rep-
resentations and encoding strategies and working memory
[46, 54], which do not stress the ability to discount more
salient stimuli or override prepotent responses.

The request to inhibiting the adoption of overriding auto-
matic response also differentiates the interference resistance
subtest of the Stroop test from the alternate fluency task
that just requires the implementation of shifting abilities
without the need to inhibit automated processes. In fact, we
foundno significant effect of dopamine administration onPD
patients’ performance on the latter task. It could be argued
that the poor performance of our low performer PD patients
on the alternate fluency task might be partially related to
processes different from shifting, which may be less sensitive
to dopamine modulation. In fact, compared with healthy
controls these patients show reduced ability to generatewords
also in the single phonemic and semantic fluency subtests. So,
difficulty in accessing the retrieval of stored information and
in checking and monitoring mental representations could
affect alternate fluency accuracy without implying shifting
abilities.

However, the differential effect of dopamine therapy
withdrawal/administration we found on the interference
resistance subtest of the Stroop test and on the alternate
fluency task is congruent with results of previous PD studies
that failed to evidence a significant effect of dopamine
administration on shifting tasks [55, 56] andmay indicate that
in the early phases of PD dopamine replacement specifically
improves the ability to disengage from a previously learned
behaviour to choose between competing responses rather
than shifting aptitude per se. This interpretation is partic-
ularly in line with findings outlining that, in a competing
response paradigm, dopamine administration significantly
enhanced the PD patients’ ability to analyze between-stimuli
incongruence [57]. In a subsequent experiment in healthy
participants, these authors document that the task execution
required recruitment of the striatum and, particularly, the
dorsal caudate nucleus [57]. The authors argued that the
dorsal striatum might be critically involved in reducing
the bias produced by salient stimuli when various types
of information have to be processed and integrated for
a response to be selected [57]. This observation concurs
with previous evidence in nonhuman primates [58, 59]
and humans [26], suggesting that the (dorsal) striatum is
particularly implicated in flexibility conditions that require
selecting among various stimuli and competing responses.

Interestingly, it has been proposed that striatal activity,
mediated by phasic D2 receptor integrity, allows the flexible
modification ofmental representations by signalling the need
for implementation of nonroutine schemata to prefrontal
neurons; conversely, prefrontal cortex activity, mediated by
the action of tonic D1 receptors, allows the stable mainte-
nance of mental representations [20, 22]. Indeed, our data
could be interpreted in this vein.The dopamine-related effect
here found specifically referred to the Stroopparadigm (inter-
ferencemodulation) that properly requires choosing between

competing responses by overriding automated behaviour,
previously reported to be sensitive to frontal-striatal activity
also in PD subjects [26]. Moreover, based on the temporal
progression of dopamine system alteration in PD, taking into
consideration that the PD sample in this study included only
individuals in the early stage of the disease, the hypothesis
could be advanced that the ameliorative effect produced by
dopamine administration on PD patients’ flexibility scores
observed here is due to better modulation of the activity
of the frontal-(dorsal) striatal network. Indeed, dopamine
depletion precociously involves the rostrodorsal extent of the
head of the caudate nucleus, a region strongly connected to
the dorsolateral prefrontal cortex. Only later does it affect the
more ventral parts of this structure, which are preferentially
connected to the ventral prefrontal cortex [14, 15, 60].
However, due to the absence of functional neuroimaging
investigation further studies are needed to explore this issue.

In conclusion, although the relatively low sample size
may represent a limit of the present study, our results
lend support to the idea that flexibility processes allowing
the adoption of nonroutine schemata in between-response
competing conditions are affected early by dopamine dys-
regulation in PD, thus indicating that cognitive mechanisms
involved in these conditions are particularly sensitive to
dopamine brain stimulation. The dopamine-related effects
we found cannot be explained as due to a general influence
of drug administration/withdrawal on the general efficiency
of attention processes; furthermore, they are not affected by
some potentially confounding factors such as presence of
anxiety and depressive symptoms. This information appears
to be useful in a clinical perspective. Indeed, dopamine
functioning is altered in several medical conditions (e.g.,
schizophrenia and attention deficit hyperactivity disorder). In
this vein, an integrated therapeutic approach that takes into
account the potential effect of dopamine drug manipulation
on cognitive functions would likely allow better management
of the disease [27].

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] R. Cools and M. D’Esposito, “Inverted-U-shaped dopamine
actions on human working memory and cognitive control,”
Biological Psychiatry, vol. 69, no. 12, pp. e113–e125, 2011.

[2] R. Cools, M. Sheridan, E. Jacobs, andM. D’Esposito, “Impulsive
personality predicts dopamine-dependent changes in frontos-
triatal activity during component processes of working mem-
ory,”The Journal of Neuroscience, vol. 27, no. 20, pp. 5506–5514,
2007.

[3] D. Y. Kimberg, M. D’Esposito, and M. J. Farah, “Effects of
bromocriptine on human subjects depend on working memory
capacity,” NeuroReport, vol. 8, no. 16, pp. 3581–3585, 1997.

[4] M. A. Mehta, R. Swainson, A. D. Ogilvie, B. Sahakian, and
T. W. Robbins, “Improved short-term spatial memory but
impaired reversal learning following the dopamine D2 agonist



10 Behavioural Neurology

bromocriptine in human volunteers,” Psychopharmacology, vol.
159, no. 1, pp. 10–20, 2001.

[5] M. A. Mehta, F. F. Manes, G. Magnolfi, B. J. Sahakian, and T.
W. Robbins, “Impaired set-shifting and dissociable effects on
tests of spatial working memory following the dopamine D2
receptor antagonist sulpiride in human volunteers,”Psychophar-
macology, vol. 176, no. 3-4, pp. 331–342, 2004.

[6] R. Cools, “Dopaminergic control of the striatum for high-level
cognition,” Current Opinion in Neurobiology, vol. 21, no. 3, pp.
1–6, 2011.

[7] A. M. Owen, “Cognitive dysfunction in Parkinson’s disease: the
role of frontostriatal circuitry,” Neuroscientist, vol. 10, no. 6, pp.
525–537, 2004.

[8] R. Cools, “Dopaminergic modulation of cognitive function-
implications for L-DOPA treatment in Parkinson’s disease,”
Neuroscience and Biobehavioral Reviews, vol. 30, no. 1, pp. 1–23,
2006.

[9] S. J. Fallon, C. H. Williams-Gray, R. A. Barker, A. M. Owen,
and A. Hampshire, “Prefrontal dopamine levels determine the
balance between cognitive stability and flexibility,” Cerebral
Cortex, vol. 23, no. 2, pp. 361–369, 2013.

[10] M. J. Frank and J. A. Fossella, “Neurogenetics and pharmacol-
ogy of learning, motivation, and cognition,” Neuropsychophar-
macology, vol. 36, no. 1, pp. 133–152, 2011.

[11] H. S. Crofts, J. W. Dalley, P. Collins et al., “Differential effects of
6-OHDA lesions of the frontal cortex and caudate nucleus on
the ability to acquire an attentional set,” Cerebral Cortex, vol. 11,
no. 11, pp. 1015–1026, 2001.

[12] A. C. Roberts, M. A. de Salvia, L. S. Wilkinson et al., “6-
Hydroxydopamine lesions of the prefrontal cortex in monkeys
enhance performance on an analog of the Wisconsin card
sort test: possible interactions with subcortical dopamine,”The
Journal of Neuroscience, vol. 14, no. 5 I, pp. 2531–2544, 1994.

[13] A. M. Gotham, R. G. Brown, and C. D. Marsden, “‘Frontal’
cognitive function in patients with Parkinson’s disease “on” and
“off” levodopa,” Brain, vol. 111, part 2, pp. 299–321, 1988.

[14] Y. Agid,M. Ruberg, F. Javoy-Agid et al., “Are dopaminergic neu-
rons selectively vulnerable to Parkinson’s disease?” Advances in
Neurology, vol. 60, pp. 148–164, 1993.

[15] E. H. Yeterian and D. N. Pandya, “Prefrontostriatal connections
in relation to cortical architectonic organization in rhesus
monkeys,” Journal of Comparative Neurology, vol. 312, no. 1, pp.
43–67, 1991.

[16] A. Costa, A. Peppe, G. Dell’Agnello, C. Caltagirone, and G. A.
Carlesimo, “Dopamine and cognitive functioning in de novo
subjects with Parkinson’s disease: effects of pramipexole and
pergolide on working memory,” Neuropsychologia, vol. 47, no.
5, pp. 1374–1381, 2009.

[17] A. Costa, A. Peppe, G. Dell’Agnello et al., “Dopaminergic
modulation of visual-spatial working memory in Parkinson’s
disease,”Dementia and Geriatric Cognitive Disorders, vol. 15, no.
2, pp. 55–66, 2003.

[18] A. Costa, A. Peppe, L. Brusa, C. Caltagirone, I. Gatto, and
G. A. Carlesimo, “Levodopa improves time-based prospective
memory in Parkinson’s disease,” Journal of the International
Neuropsychological Society, vol. 14, no. 4, pp. 601–610, 2008.

[19] D. Y. Kimberg and M. D’Esposito, “Cognitive effects of the
dopamine receptor agonist pergolide,”Neuropsychologia, vol. 41,
no. 8, pp. 1020–1027, 2003.

[20] J. D. Cohen, T. S. Braver, and J. W. Brown, “Computational per-
spectives on dopamine function in prefrontal cortex,” Current
Opinion in Neurobiology, vol. 12, no. 2, pp. 223–229, 2002.

[21] M. J. Frank, “Dynamic dopamine modulation in the basal
ganglia: a neurocomputational account of cognitive deficits
in medicated and nonmedicated Parkinsonism,” Journal of
Cognitive Neuroscience, vol. 17, no. 1, pp. 51–72, 2005.

[22] M. J. Frank, B. Loughry, and R. C. O’Reilly, “Interactions
between frontal cortex and basal ganglia in working memory:
a computational model,” Cognitive, Affective and Behavioral
Neuroscience, vol. 1, no. 2, pp. 137–160, 2001.

[23] M. Camps, P. H. Kelly, and J. M. Palacios, “Autoradiographic
localization of dopamine D1 and D2 receptors in the brain of
several mammalian species,” Journal of Neural Transmission,
vol. 80, no. 2, pp. 105–127, 1990.

[24] H. S. Crofts, J. W. Dalley, P. Collins et al., “Parkinson’s disease:
mechanism and models,” Neuron, vol. 39, pp. 889–909, 2003.

[25] P. Collins, L. S. Wilkinson, B. J. Everitt, T. W. Robbins, and A.
C. Roberts, “The effect of dopamine depletion from the caudate
nucleus of the common marmoset (Callithrix jacchus) on tests
of prefrontal cognitive function,” Behavioral Neuroscience, vol.
114, no. 1, pp. 3–17, 2000.

[26] P. A. MacDonald and O. Monchi, “Differential effects of
dopaminergic therapies on dorsal and ventral striatum in
Parkinson’s disease: implications for cognitive function,”
Parkinson’s Disease, vol. 2011, Article ID 572743, 6 pages, 2011.

[27] A. A. Kehagia, R. A. Barker, and T. W. Robbins, “Neuropsy-
chological and clinical heterogeneity of cognitive impairment
and dementia in patients with Parkinson’s disease,” The Lancet
Neurology, vol. 9, no. 12, pp. 1200–1213, 2010.

[28] M. Kliegel, M. Altgassen, A. Hering, and N. S. Rose, “A process-
model based approach to prospective memory impairment in
Parkinson’s disease,” Neuropsychologia, vol. 49, no. 8, pp. 2166–
2177, 2011.

[29] R. Cools, R. A. Barker, B. J. Sahakian, and T. W. Robbins,
“L-Dopa medication remediates cognitive inflexibility, but
increases impulsivity in patients with Parkinson’s disease,”
Neuropsychologia, vol. 41, no. 11, pp. 1431–1441, 2003.

[30] R. Cools, A. Miyakawa, M. Sheridan, and M. D’Esposito,
“Enhanced frontal function in Parkinson’s disease,” Brain, vol.
133, part 1, pp. 225–233, 2010.

[31] A. J. Hughes, S. E. Daniel, L. Kilford, and A. J. Lees, “Accuracy
of clinical diagnosis of idiopathic Parkinson’s disease: a clinico-
pathological study of 100 cases,” Journal of Neurology Neuro-
surgery and Psychiatry, vol. 55, no. 3, pp. 181–184, 1992.

[32] M. F. Folstein, S. E. Folstein, and P. R. McHugh, “‘Mini mental
state’. A practical method for grading the cognitive state of
patients for the clinician,” Journal of Psychiatric Research, vol.
12, no. 3, pp. 189–198, 1975.

[33] G. Measso, F. Cavarzeran, G. Zappala et al., “The Mini Mental
State examination: normative study of a random sample of the
Italian population,” Developmental Neuropsychology, vol. 9, pp.
77–85, 1991.

[34] S. Fahn and R. L. Elton, “Unified Parkinson’s disease rating
scale,” in Recent Developments in Parkinson’s Disease, S. Fahn, P.
D. Marsden, D. B. Calne, and A. Lieberman, Eds., pp. 153–163,
Macmillan Health Care Information, Florham Park, NJ, USA,
1987.

[35] C. L. Tomlinson, R. Stowe, S. Patel, C. Rick, R. Gray, and C.
E. Clarke, “Systematic review of levodopa dose equivalency
reporting in Parkinson’s disease,” Movement Disorders, vol. 25,
no. 15, pp. 2649–2653, 2010.

[36] G. A. Carlesimo, C. Caltagirone, and G. Gainotti, “The mental
deterioration battery: normative data, diagnostic reliability



Behavioural Neurology 11

and qualitative analyses of cognitive impairment,” European
Neurology, vol. 36, no. 6, pp. 378–384, 1996.

[37] G. A. Carlesimo, I. Buccione, L. Fadda et al., “Standardizzazione
di due test di memoria per uso clinico: breve racconto e figura
di Rey,” Nuova Rivista di Neurologia, vol. 12, pp. 1–13, 2002.

[38] M. Monaco, A. Costa, C. Caltagirone, and G. A. Carlesimo,
“Forward and backward span for verbal and visuo-spatial
data: standardization and normative data from an Italian adult
population,” Neurological Sciences, vol. 34, no. 5, pp. 749–754,
2013.

[39] U. Nocentini, S. Di Vincenzo, M. Panella, P. Pasqualetti, and
C. Caltagirone, “La valutazione delle funzioni esecutive nella
pratica neuropsicologica, dal Modified Card Sorting Test al
Modified Card Sorting Test-Roma Version. Dati di standard-
izzazione,” Nuova Rivista di Neurologia, vol. 12, no. 1, pp. 13–24,
2002.

[40] R. de Bleser, G. Denes, C. Luzzatti et al., “L’Aachener Aphasie
test I: problemi e soluzioni per una versione italiana del test e
per uno studio crosslinguistico dei disturbi afasici,” Archivio di
Psicologia, Neurologia e Psichiatria, vol. 47, pp. 209–236, 1986.

[41] J. W. Langston, H. Widner, C. G. Goetz et al., “Core assessment
program for intracerebral transplantations (CAPIT),” Move-
ment Disorders, vol. 7, no. 1, pp. 2–13, 1992.

[42] C. Golden, Stroop Color and Word Test. Manual, Stoelting,
Chicago, Ill, USA, 1978.

[43] M. B. Jurado and M. Rosselli, “The elusive nature of executive
functions: a review of our current understanding,” Neuropsy-
chology Review, vol. 17, no. 3, pp. 213–233, 2007.

[44] H. Spinnler and G. Tognoni, “Standardizzazione e taratura ital-
iana di test neuropsicologici,”The Italian Journal of Neurological
Sciences, vol. 8, supplement, pp. 1–20, 1987.

[45] J. J. Downes, H.M. Sharp, B.M. Costall, H. J. Sagar, and J. Howe,
“Alternating fluency in Parkinson’s disease. An evaluation of the
attentional control theory of cognitive impairment,” Brain, vol.
116, part 4, pp. 887–902, 1993.

[46] J. D. Henry and J. R. Crawford, “Verbal fluency deficits in
Parkinson’s disease: ameta-analysis,” Journal of the International
Neuropsychological Society, vol. 10, no. 4, pp. 608–622, 2004.

[47] L. X. Blonder and J. T. Slevin, “Emotional dysfunction in
Parkinson’s disease,” Behavioural Neurology, vol. 24, no. 3, pp.
201–217, 2011.

[48] A. Costa, A. Peppe, G. A. Carlesimo, P. Pasqualetti, and
C. Caltagirone, “Major and minor depression in Parkinson’s
disease: a neuropsychological investigation,” European Journal
of Neurology, vol. 13, no. 9, pp. 972–980, 2006.

[49] G. Santangelo, C. Vitale, L. Trojano et al., “Relationship between
depression and cognitive dysfunctions in Parkinson󸀠s disease
without dementia,” Journal of Neurology, vol. 256, no. 4, pp. 632–
638, 2009.

[50] C. D. Spielberg, Manual for the State-Trait Anxiety Inventory,
Consulting Psychologists Press, Palo Alto, Calif, USA, 1983.

[51] A. T. Beck and R. A. Steer, Beck Depression Inventory Manual,
Psychological Corporation, San Antonio, Tex, USA, 1987.

[52] M. Visser, A. F. G. Leentjens, J. Marinus, A. M. Stiggelbout,
and J. J. van Hilten, “Reliability and validity of the Beck
Depression Inventory in patients with Parkinson’s disease,”
Movement Disorders, vol. 21, no. 5, pp. 668–672, 2006.

[53] T. Egner and J. Hirsch, “Cognitive control mechanisms resolve
conflict through cortical amplification of task-relevant informa-
tion,” Nature Neuroscience, vol. 8, no. 12, pp. 1784–1790, 2005.

[54] A. Miyake, N. P. Friedman, M. J. Emerson, A. H. Witzki, A.
Howerter, and T.D.Wager, “The unity and diversity of executive
functions and their contributions to complex, “Frontal Lobe”
tasks: a latent variable analysis,” Cognitive Psychology, vol. 41,
no. 1, pp. 49–100, 2000.

[55] G. Koch, A. Costa, L. Brusa et al., “Impaired reproduction
of second but not millisecond time intervals in Parkinson’s
disease,” Neuropsychologia, vol. 46, no. 5, pp. 1305–1313, 2008.

[56] S. J. G. Lewis, A. Slabosz, T. W. Robbins, R. A. Barker, and
A. M. Owen, “Dopaminergic basis for deficits in working
memory but not attentional set-shifting in Parkinson’s disease,”
Neuropsychologia, vol. 43, no. 6, pp. 823–832, 2005.

[57] P. A. MacDonald, A. A. MacDonald, K. N. Seergobin et al.,
“The effect of dopamine therapy on ventral and dorsal striatum-
mediated cognition in Parkinson’s disease: support from func-
tional MRI,” Brain, vol. 134, part 5, pp. 1447–1463, 2011.

[58] X.Cai, S. Kim, andD. Lee, “Heterogeneous coding of temporally
discounted values in the dorsal and ventral striatum during
intertemporal choice,” Neuron, vol. 69, no. 1, pp. 170–182, 2011.

[59] L. Ding and J. I. Gold, “Caudate encodes multiple computations
for perceptual decisions,” The Journal of Neuroscience, vol. 30,
no. 47, pp. 15747–15759, 2010.

[60] J. D. Cohen, M. Botvinick, and C. S. Carter, “Anterior cingulate
and prefrontal cortex: who’s in control?” Nature Neuroscience,
vol. 3, no. 5, pp. 421–423, 2000.


